Introduction
The corpus callosum (cc) is a heterogeneous white-matter tract that connects the cerebral hemispheres. It consists of approximately 200 million inter-hemispheric fibers, most of which connect homologous regions and are responsible for the rapid spread of epileptiform activity in some epileptic patients. [1] [2] [3] Corpus callosotomy (CC) is a palliative therapy that interrupts transhemispheric epileptiform synchronization and reduces the frequency and severity of generalized tonic-clonic, tonic, and atonic seizures of several generalized epilepsies, including Lennox Gastaut syndrome (LGS). 2, 3 This procedure can be done by neurosurgical or radioneurosurgical approach with advantages and disadvantages to each. Overall efficacy and safety is approximately similar. [2] [3] [4] [5] [6] [7] One of the disadvantages of the CC by radioneurosurgery is the need for more time to evaluate the outcome due to the delayed effects of the radiation on the cc tracts.
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The CC by radioneurosurgery induces radionecrosis in the tracts in the cc, 6, 8 due to axonal degeneration of white matter fibers as a consequence of neuronal or axonal injury. 9 However, the acute effects of axonal degeneration are invisible to conventional MR imaging, which are characterized by the fragmentation of the axons and reduced diffusivity parallel to the principal axis of the fibers, as demonstrated using animal models. 10, 11 Recently, there has been great interest in studying the microstructural environment of neural tissues by measuring the anisotropic diffusion of water molecules via MRI. 12 Normally, axonal membranes and myelin pose barriers to water displacement, such that water preferentially diffuses along the direction of the axons. 13 Given that the structural integrity of the axons governs the uneven displacement of water molecules (i.e., anisotropic diffusion), it is feasible to utilize diffusion tensor imaging (DTI) as a means to obtain information on the axonal state.
As axons degenerate and break down with subsequent degradation of myelin, the barriers that normally hinder the diffusion of water across the axons disappear, allowing a more spatially uniform profile of water displacement (i.e., isotropic diffusion).
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Few case reports published used DTI to assess the pattern and time course of water diffusion during degeneration of axons during anterior surgical CC in epileptic patients. 9, 14 These studies discovered a dramatic decrease in diffusion anisotropy during Callosotomy by radioneurosurgery induces slow and progressive axonal degeneration of white matter fibers, a key consequence of neuronal or axonal injury (radionecrosis). However, the acute effects are not apparent when using conventional MRI techniques. Diffusion tensor imaging (DTI) during the first week following radioneurosurgical callosotomy allowed evaluation of these microstructural changes. The present report details that the use of sequential DTI to evaluate axonal degeneration following radioneurosurgical callosotomy in a patient normalized with the data of six healthy subjects. We describe a 25-year old woman with symptomatic generalized epilepsy who underwent a radioneurosurgical callosotomy using LINAC (Novalis 1 BrainLAB). DTI was acquired at the baseline, 3 and 9 months and showed a progressive decrease of the fractional anisotropy values in the irradiated areas compared to the controls that could be interpreted as a progressive disconnection of callosal fibers related to the outcome. ß 2012 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved. § The authors state that this article has not been submitted whole or in part for review, or published elsewhere. The principal author certifies that all coauthors have seen and agree with the contents of the manuscript, if accepted, it will not be published elsewhere in the same form, in English or in any other language, without the written consent of the Publisher.
* Contents lists available at SciVerse ScienceDirect Seizure j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / y s e i z the first week post-surgery in the body and genu of the cc, and microstructural changes that persisted for many years in the severed fibers. 9, 14 We report the use of DTI to detail the series of time related events of axonal degeneration following CC by radioneurosurgery in an epileptic patient normalized to the data of six healthy subjects.
Materials and methods

Patient
A 25-year-old right-handed woman with past history of neonatal hypoxia due to umbilical cord around the fetal neck and delivery by cesarean section. At the age of 15 months she developed frequent nocturnal generalized tonic seizures and was started on carbamazepine with partial control of her epilepsy. However, during the following years she developed a moderate mental retardation and showed several types of seizures, including tonic, atonic, atypical absence, complex partial seizures and tonicclonic generalized seizures. Serial EEGs showed multifocal epileptiform activity and a brain MRI was normal. Based on this clinical information, her epilepsy was classified as symptomatic generalized epilepsy and had been refractory to multiple antiepileptic drugs. Surgical callosotomy was offered, however her parents declined. They chose instead the option of CC using stereotactic radioneurosurgery (SRS). Vital signs and general examination were normal. The neurological examination showed moderate mental retardation. The basic laboratory tests including chemistries, blood count and urinalysis were normal. The monthly mean of seizures before the procedure was 56 seizures.
Intervention and technique
The SRS was performed using a 6 MV photon beam Linac (Novalis 1 BrainLAB, Germany) with a micro multileaf collimator system. T2-weighted sequences (coronal, axial and sagittal planes) were acquired on a 3.0 T MR scanner (SignaExcite 1 General Electric, USA) with the following parameters: 512 Â 512 matrix image size, 1.5 mm slice thickness without gap, and 0.5 mm inplane image resolution. A CT scan was used for stereotactic localization with 512 Â 512 matrix image size, 1.0 mm slice thickness, and 0.8 mm axial image resolution. An image fusion was made between MRI and CT scan images. The target to be irradiated was the rostrum, genu, and two thirds of the body of the cc, 4.5 mm to the right side from the midline plane. The target volume was 0.48 cm 3 . The prescription dose was 36.0 Gy at the periphery, administered with six dynamic conformal arcs and a single isocenter. Dose delivery was done under sedation to avoid movements. Overall treatment time was 25 min. Other technical details have been published elsewhere. 
DTI normal subjects
Six healthy subjects underwent normal routine MRI studies including DTI. All the subjects were between 20 and 30 years old.
Image acquisition
DTI was performed on six normal subjects and our patient by single-shot spin-echo echo-planar readout on a 3.0T Signa Excite The DTI studies were performed for the normal subjects once and for the patient before the CC and repeated 3 and 9 months after the treatment.
Fractional anisotropy and fiber tracking estimation
Diffusivity of water molecules is quantified by the diagonalization of the diffusion tensor to obtain three eigenvectors and its eigenvalues. The main eigenvector provides the direction of water diffusivity along the principal axis of white matter fibers. The normalized ratio of the eigenvalues or FA shows the relative water diffusion directionality with respect to the major diffusion axis. FA maps were computed using the BioImage Suite (v. 2.5) software diffusion tensor tools developed at Yale School of Medicine University (BioImage Suite: an integrated medical image analysis suite. X. Papademetris, M. Jackowski, N. Rajeevan, H Okuda, R.T. Constable, and L.H. Staib. Section of Bioimaging Sciences, Dept. of Diagnostic Radiology, Yale School of Medicine). Gradient directions were extracted directly from the DTI image series. BioImage Suite parameters for FA calculations over the CC were: mask generation computed from unweighted diffusion image, auto-threshold and trace connectivity turned on. There was no need to perform any special transformations to the gradients directions. Axonal pathway reconstruction was performed using an anisotropic frontwave propagation method 13 using the following BioImage suite parameters: min. FA = 0.2, max. FA = 1.0, min. fiber length = 10.0 mm, max. fiber length = 150.0 mm and fiber density = 2. The rest of the calculation parameters for both, FA and fiber tracking were set to its default values.
Segmentation of corpus callosum
The cc was segmented in five parts according to a previously proposed scheme of classification of the topography of the mid sagittal cc: I-V. 15 Briefly, part I corresponds approximately with the genu, parts II-IV with the body, and V with the splenium. Parts I-III were within the irradiated area. Parts IV-V were out of the prescription isodose curve. We chose parts I, III and V as the region of interest (ROI) for FA measurement. These sections were manually defined 0.5 cm to the right of midline over the b 0 baseline (T2) image to avoid misalignments with the diffusion gradients acquisitions by using the orthogonal surface editor module of BioImage suite software package. Three image slices in sagittal orientation were used for cc segmentation to provide enough voxels to perform statistical analysis.
Quantitative analysis
Fractional anisotropy maps were calculated over the ROI of the CC and exported in analyze image format. Then, by using ImageJ software, the FA values for each voxel were extracted and incorporated in a spreadsheet for analysis. The values were analyzed to obtain the mean FA, mean (MD), parallel (l jj ) and perpendicular (l ? ) diffusivities over each region of the CC. White matter tractography (WMT) was performed in the same regions and colored according to FA values.
Statistical analysis
Descriptive (mean and standard deviation) and inferential statistics (Mann-Whitney test) were used to describe the FA values and the comparison between these values.
Results
Healthy subjects
The mean values of FA in the six healthy subjects found in parts I, III, V were 0.58 AE 0.04, 0.56 AE 0.03 and 0.63 AE 0.04, respectively.
The only statistically significant intracallosal difference was between III and V (p < 0.05) in Fig. 1. 
Patient
The mean values of FA were; part I 0.60 (AE0.13), part III 0.56 (AE0.14), and part V 0.66 (AE0.17) before treatment. After treatment we found different changes regarding the FA depending on the analyzed region. In the follow-up, at three months post-treatment the FA was 0.57 in part I, 0.53 in part III, and 0.65 in part V, while nine months post-treatment we found mean values in FA of 0.53 in part I, 0.50 in part III, and 0.65 in part V (see Fig. 2) .
The FA showed a decrease in the parts within the target volume (I and III), but not in part V, which was outside the prescription isodose curve. The number of seizures showed a trend to diminish after SRS treatment as can be seen in Table 1. Table 2 shows diffusivity parameters for the test subject. The main factor contributing to a decrease FA is an increase in l ? . Fig. 2 shows FA and WMT images pre and 9 months post-treatment. The reduction in FA is apparent, while the tractography shows the presence of white matter tracts.
Discussion
Previous studies have identified several (often inconsistent) clinical factors predictive of a good or bad seizure outcome following callosotomy. They include IQ, lateralized brain lesions by neuroimaging, lateralized interictal scalp EEG abnormalities, changes in intraoperative electrocorticography, changes in ictal scalp EEG patterns pre-and post-surgery, seizure type, and extent of callosal section. [2] [3] [4] [5] [6] [7] [8] However, up to 40% of patients who undergo CC do not have any reduction in the frequency or severities of their seizures, also some types of seizures are refractory to this treatment.
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The demonstration, characterization, and staging of the changes seen in axonal degeneration induced by CC by means of a noninvasive approach are of clinical importance. 9 However, the first stages of axonal degeneration in the central nervous system are virtually invisible using conventional MRI. Previous reports have documented T2 signal hypo-intensity 4 weeks after the precipitating injury. 16 DTI has been used previously as a surrogate marker of axonal state in epileptics callosotomized surgically. The early stages of degeneration are clearly visible both qualitatively and quantitatively in regions distant to the precipitating injury, where neither edema nor inflammation is expected to occur. 9, 14 The evaluation of the Wallerian degeneration is especially relevant in patients who underwent CC by radioneurosurgery, because the radiation induces a slower and progressive axonal degeneration. [2] [3] [4] [5] [6] [7] In our study we found a reduction of the FA measurements in the cc areas irradiated coinciding with a progressive reduction of frequency of seizures. In contrast, the FA values measured in the non-irradiated areas were unchanged and showed similar values to those seen in our normal subjects. A previous study where DTI was performed on three epilepsy patients before CC and at two time points (1 week and 2-4 months) after surgery found that diffusion anisotropy was reduced in a spatially dependent manner in the genu and body of the cc at 1 week and remained low 2-4 months after surgical bisection of the anterior 2/3 of the cc. Decreased anisotropy at 1 week was due to a reduction in parallel diffusivity (consistent with axonal fragmentation), whereas at 2-4 months, it was due to an increase in perpendicular diffusivity (consistent with myelin degradation). 6, 8 Pizzini et al., compared five patients subjected to complete or partial surgical CC up to 17 years from resection to a normal control using DTI as a marker of axonal damage and showed that microstructural changes persist for many years in the severed fibers. Also, DTI was sensitive to detect small bundles of spared callosal fibers.
14 These last findings could be relevant to evaluate the outcome in patients with ineffective callosotomies. [2] [3] [4] [5] [6] [7] The present results are in accordance with those findings. The apparent diffusion coefficient (ADC) values during the first stage of acute axonal degeneration in partial or total CC do not change substantially. During the chronic phase there is a marked increase in the ADC, 6, 14 an effect attributed to delayed damage to glial cells and axons, with accumulative loss of cell membranes. 17 Chepuri et al., reported an anisotropy index of 0.400 in the genu, 0.456 in the body, and 0.539 in the splenium. They did not find any difference between gender or age groups. Intracallosal value differences were all statistically significant. 18 In our normal subjects we found a little higher value in all regions tested. The trend between regions was similar (genu < body < splenium), but the difference between regions was only statistically different between parts III and V (approximately body and splenium). In relation to the FA mean values in the follow-up of patients surgically callosotomized the differences in the transected fibers found goes from 0.1 to 0.5. 6, 14 In our patient we found a reduction of the FA mean values from 0.6 to 0.5 in the cc areas irradiated, and an important increase in l ? .
In the DTI, water diffuses preferentially in the direction of the fiber tracts, and anisotropy is greater than 0. Although, several factors may increase the anisotropy present in the white matter: tighter packing of axons, thicker myelin sheaths, fewer obliquely oriented axons, altered radius of individual axons, and the presence of structures other than myelin sheaths within the CC that restrict water diffusion. 19 
Conclusion
Serial FA measurements using DTI could be useful to evaluate the axonal degeneration following CC by radioneurosurgery and thus help to predict the outcome. However, fractional anisotropy is sensitive but non-specific as it is affected by many other variables. We expect that future work will expand upon the present case report.
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